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Silicon nitride (Si3N4) is a very robust material against oxidation and is typically used as an
oxidation mask. Here, we report atomic-force microscope ~AFM!-based local oxidation of Si3N4
and its applications in selective-area epitaxial growth using chemical-vapor deposition. High growth
selectivity is accomplished in this work by employing a SiO2 /Si3N4 bilayer mask structure, which
is formed by locally oxidizing the Si3N4 surface ~for defining the growth windows!, depositing a
blanket SiO2 layer, and then selectively removing SiO2 in the growth windows. High-resolution
transmission electron microscopy images reveal that the selectively deposited Si structures can be
grown with a high degree of crystalline perfection, while excellent size uniformity is confirmed by
large-area AFM images. © 2001 American Vacuum Society. @DOI: 10.1116/1.1342869#I. INTRODUCTION
Nanostructures have attracted increasing interest because
of their unique properties and their tremendous potential for
applications in advanced microelectronic and optoelectronic
devices. The major challenge in fabricating nanostructures is
to form structures and control their positions on the
nanometer-length scale. In the past, the lithographic method
using focused beams of high-energy electrons has been the
most popular approach for this purpose. However, the ulti-
mate resolution is limited not only by the beam diameter but
also by the proximity effects, phenomena originating from
the scattering of high-energy electrons in the resist and from
the substrate. Therefore, the smallest possible feature size
can only be achieved with limited resist materials and certain
substrate materials. Scanning-probe lithography ~SPL!,
where a proximal probe tip is used to provide a local intense
electric field or a low-energy electron beam near the sample
surface to be modified,1–4 has been developed as an alterna-
tive way. In particular, electric-field-induced anodic oxida-
tion using a conductive-probe atomic-force microscope
~AFM! under ambient conditions has been widely applied to
metals and semiconductors, and insulators.3–11 Because of its
inherent simplicity and generality, this method has been re-
garded as a key technology for the development of future
nanoscale electronics. Recently, Cooper et al.5 have demon-
strated that when a single-wall carbon nanotube is used as
the probe to induce anodic oxidation on the Ti/sapphire film,
the minimal feature size is of the order of ;8 nm and the
areal packing density is as high as 1.6 terabit/in2. Here, we
report the use of thin silicon-nitride (Si3N4) dielectric films
grown on a doped Si~001! substrate as the mask for
selective-area epitaxial growth. Two most unique features of
Si3N4-based SPL will be presented here: ~i! nanoscale pat-
terning resolution and ultrafast oxidation kinetics for much
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, JulÕAug 2001 0734-2101Õ200decreased writing time and ~ii! selective-area chemical-vapor
deposition ~CVD! using a SiO2 /Si3N4 bilayer growth mask.
Silicon nitride is widely used as a dielectric material for
both silicon and gallium arsenide very-large-scale integration
~VLSI! processing due to its many superior material proper-
ties. In one of the most important applications using Si3N4 ,
it is used as an oxidation mask ~oxidation rate is about 100
times less than silicon! during the local oxidation of silicon
~LOCOS! process. Also, it has been used for diffusion bar-
riers, ion implant masks, and passivation layers. Because of
the large selectivities of many etchants of silicon and SiO2
over Si3N4 , it can be a versatile wet- or dry-etching mask for
nanofabrication if a local oxidation scheme can be devel-
oped. Moreover, both Si3N4 and SiO2 are important mask
materials for selective-area growth of semiconductors and
metals. Therefore, SPL using nitride masks could open up
new possibilities for a wide variety of nanofabrication appli-
cations. Very recently, we have demonstrated that thin Si3N4
films could be effectively converted to SiOx by AFM-
induced local oxidation in air with an absorbed humidity
layer.11 The threshold voltage for complete conversion of a
;5 nm film is as low as 7 V.
At present, selective-area CVD has been regarded as one
of the most promising approaches for forming ordered low-
dimensional structures with a high degree of crystalline per-
fection and excellent size uniformity. Both Si3N4 and SiO2
layers are potential mask materials for this purpose.
Selective-area epitaxial growth of Si,12 GaAs,13 and GaN14
has been demonstrated in the past using the nitride masks on
various substrates. Also, SiO2 masks have been used for
selective-area growth of Si,15 GaAs,16 Ge,17 diamond,18 and
metals.19 However, for Si growth using SiH4 or Si2H6 , SiO2
is a better mask material than Si3N4 because of the superior
growth suppression effect of the former material.20 Here, we
demonstrate a Si CVD process using a novel SiO2 /Si3N4
bilayer mask. This technique takes advantage of AFM-
induced oxidation of Si3N4 for nanoscale patterning of the18061Õ194Õ1806Õ6Õ$18.00 ©2001 American Vacuum Society
1807 Gwo, Yasuda, and Yamasaki: Selective-area chemical-vapor deposition 1807FIG. 1. ~a! AFM image of SiOx dots patterned by the
conductive-probe AFM on a 5 nm Si3N4 film deposited
on p-Si~001!. The average dot diameter and the pro-
truded oxide height are ;45 and ;1.2 nm, respectively.
The packing density of the SiOx dots is ;100 Gbit/in.2
The patterning conditions are 9 V pulse of 5 ms dura-
tion per dot. ~b! Oxide height ~h! vs applied bias ~V!
relation at constant pulse duration. ~c! Oxide heights at
fixed voltages ~9 and 10 V! plotted as a function of
pulse duration ~1 ms–1 s! on a semilogarithmic scale.
The data points represent the experimental results aver-
aged over several dots. ~d! Exponential decay relation
of the growth rate with the grown oxide height
@dh/dt5R0 exp(2h/Lc)# derived from the kinetic data
shown in ~c!, where R0 is the initial rate and Lc is a
characteristic length, both depending on the probe prop-
erties, nitride thickness, relative humidity, and applied
voltage.mask, while the growth selectivity of the mask surface is
comparable to that of conventional SiO2 masks.
II. EXPERIMENT
A. AFM patterning
The silicon-nitride films used were grown on p-type, 10
V cm, ~001!-oriented Si wafers in a low-pressure chemical-
vapor deposition ~LPCVD! reactor at 780 °C using a mixture
of SiCl2H2 and NH3 . The samples were further densified by
a rapid thermal anneal ~RTA! of 10 s at 1000 °C in a nitro-
gen gas and the film thickness was ;5 nm. Local electric-
field-induced oxidation was performed in ambient using
highly doped ~0.01–0.025 V cm! n1-Si AFM probes coated
with a Pt–Ir layer ~Pointprobe® contact-type, Nanosensors!
and an AFM operating in the contact mode. The relative
humidity was around 50%–60% during the AFM oxidation.
B. Selective CVD
We fabricated the bilayer mask by locally oxidizing the
Si3N4 surface ~for defining the growth windows!, depositing
a blanket SiO2 layer, and then selectively removing SiO2 in
the growth windows. Selective growth of Si was performed
on the exposed Si windows. The procedures to fabricate the
bilayer mask structure are described in detail in Sec. III B.
The selective epitaxial growth was performed in an ultra-
high-vacuum ~UHV! CVD reactor system equipped with a
scanning electron column for in situ micro-Auger electron
spectroscopy ~AES!, a load lock with a rf-plasma electrode,
and a UHV-RTA chamber.21 Disilane (Si2H6) was used asJVST A - Vacuum, Surfaces, and Filmsthe source gas and its pressure was set at 0.08 mTorr. The
sample temperature was kept at ;580 °C during the CVD
process.
III. RESULTS AND DISCUSSION
A. AFM oxidation kinetics of Si3N4
Figure 1~a! shows an AFM-induced oxide dot array with
an areal density of ;100 Gbits/in.2 on the Si3N4 film, which
was produced by applying voltage pulses of 19 V and 5 ms
duration to the sample. Oxide formation is very reproducible
and is uniform with ;45-nm dot diameter @full width at half
maximum ~FWHM!# and ;1.2-nm oxide height. The oxide
height is found, for a constant exposure time, to increase
linearly with the applied voltage @Fig. 1~b!#. To investigate
the AFM oxidation kinetics on the Si3N4 film, voltage pulses
of varied duration ~1–1000 ms! were applied to the Si3N4
film and the patterned oxide dots were analyzed by AFM.
Figure 1~c! displays the semilogarithmic plots of oxide
height versus pulse duration at 9 and 10 V. The oxide height
is found to increase linearly with the logarithm of the expo-
sure time at a fixed voltage. An exponential decay relation of
the growth rate (dh/dt) with the grown oxide height
@dh/dt5R0 exp(2h/Lc), where h is the oxide height, R0 is
the initial growth rate, and Lc is a characteristic decay
length# can be found from the kinetic data @Fig. 1~d!#, similar
to the empirical relationships obtained for silicon.7,8
We have found that the initial growth rate of AFM-
induced oxide depends strongly on the tip characteristics and
applied bias. High initial growth rates (R0) of the order of
10 000 nm/s could be achieved using this approach. In Fig.
1~d!, the characteristic decay length Lc is ;0.29 nm for the
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is linearly proportional to the applied bias. Compared with
the rate coefficient A>1 nm/min2/3 (h5At2/3) for the wet
thermal oxidation at 1100 °C and under 0.95 atm of water
vapor,22 AFM-induced oxidation of Si3N4 is much faster
than other methods and even faster than the AFM-induced
oxidation rate of Si~001! using similar experimental condi-
tions @initial rate of 10 nm/s and Lc50.39 nm at 10 V ~Ref.
7!#.
By using electric force microscopy, we have obtained ex-
perimental evidence that the selectively oxidized area con-
tains electric charges, indicating the space-charge effect9 is
the most likely origin of the self-limited oxidation kinetics.
At present, we hypothesize that the greatly enhanced oxida-
tion rate in the case of Si3N4 @note that a similar phenom-
enon has also been observed on TiN films ~Ref. 10!# is due to
the reaction of nitrogen ionic species with charged defects at
the oxide/nitride interface, which reduces the space-charge
effect. Detailed studies are required to understand the exact
mechanism. Nevertheless, the fast AFM oxidation kinetics
on Si3N4 greatly reduces the time for patterning and is very
important for practical applications.
B. Formation of the bilayer growth mask
Figure 2 shows the procedure for preparing the bilayer
mask. As shown in Fig. 2, patterning by local oxidation is
performed using AFM on the ;3 nm Si3N4 film grown on a
p-Si~001! substrate ~the original 5 nm Si3N4 film was
thinned using dilute HF etching prior to the AFM oxidation!.
Next, by dipping in a diluted ~1%! HF, the H-terminated
silicon windows are exposed and the nitride film was re-
duced further by ;0.8 nm ~step 2!. Then, the patterned
Si3N4 /Si~001! sample was oxidized at room temperature by
exposure to an O2 plasma ~He balance, 5%! for 15 s in the
FIG. 2. Schematic diagram ~not to scale! illustrating the procedure for pre-
paring the SiO2 /Si3N4 bilayer growth mask. The growth pattern is defined
using AFM-induced oxidation in ambient air on a ;3 nm Si3N4 film grown
on p-Si~001! ~step 1!. Next, selective etching of oxidized areas is achieved
by using a dilute HF solution ~step 2!. A ;0.5-nm-thick oxide blanket layer
is then grown on top of the patterned Si3N4 film by plasma oxidation ~step
3!. To expose the bare Si growth windows, the sample was pretreated by a
H2 plasma, then rapidly heated to ;1000 °C for 3 min ~step 4!. Finally, a
selective epitaxial growth using UHV CVD is performed ~step 5!.J. Vac. Sci. Technol. A, Vol. 19, No. 4, JulÕAug 2001load-lock chamber ~step 3!. This process results in a blanket
oxide layer of ;0.5 nm thickness on the sample surface. It is
essential to use plasma-excited O2 since Si3N4 is difficult to
oxidize thermally. To expose the bare Si windows for selec-
tive growth, the sample was first degassed at 600 °C in UHV,
pretreated by a H2 plasma at room temperature for 300 s,
then rapidly annealed to ;1000 °C for 120 s in the UHV-
RTA chamber ~step 4!. During the H2 plasma treatment, the
pressure of H2 was set at 0.3 Torr and the rf plasma was
generated at a relatively low-power density of 25 mW/cm2.
This UHV-RTA process can selectively desorb the oxide
regions that had been formed by plasma oxidation of the
H-terminated Si surface. Desorption of SiO2 on Si, which is
facilitated by formation of volatile SiO~Si1SiO2→2 SiO!,
takes place at temperatures above 800 °C. On the other hand,
the oxide blanket on Si3N4 does not desorb because no Si is
available at this annealing temperature for forming SiO. It is
necessary to employ the H2 plasma treatment, otherwise the
selective desorption of SiO2 on Si would become incomplete
in many growth windows. In our initial experiments, selec-
tive CVD of Si on the samples that receive no H2 plasma
treatment prior to the thermal desorption of SiO2 would un-
avoidably result in no Si growth in many windows. The per-
centage of missing growth windows compared to the total Si
windows has been reduced to ;1% when treated with a H2
plasma.
To illustrate the effect of the H2 plasma treatment, we
compared the SiO2 desorption behavior of SiO2 on two
Si~001! samples covered with 2 nm plasma SiO2 with and
without the H2 plasma exposure. Figure 3 shows the broad-
beam Auger spectra taken on these surfaces after RTA under
the same conditions. It is clear that after 60 and 120 s of
UHV RTA at ;1000 °C, both Si-LVV peaks originated
from the Si substrate ~;92 eV! and the SiO2 layer ~;77 eV!
can still be clearly seen. It indicates that oxide desorption
was incomplete and a large portion of the surface was still
covered by the oxide layer. On the other hand, when sample
was treated with H2 plasma, only the elemental Si-LVV peak
~;92 eV! can be seen after 120 s of UHV RTA, indicating a
complete desorption of the oxide layer. As is widely known,
desorption of a SiO2 layer on Si is initiated by the formation
of microscopic voids. As the window size reduced to the
nanometer range, the possibility for a growth window to
have a void decreases, which would impede the SiO2 desorp-
tion. The plasma treatment can effectively assist thermal de-
sorption of SiO2 by introducing defects that can serve as the
void-nucleation centers upon UHV RTA.
C. Selective-area chemical-vapor deposition of Si
Figure 4~a! shows an AFM image of the selectively
grown Si dot structure that underwent UHV CVD for 250 s.
This image demonstrates that Si is successfully deposited on
the exposed bare Si windows in the SiO2 /Si3N4 bilayer
growth mask. Si nucleation on the masked area is effectively
retarded. Among 480 (16330) AFM-patterned growth sites,
only 5 of them ~;1%! failed to have Si growth atop. Figure
4~b! displays the cross-sectional profile of the dot structure
1809 Gwo, Yasuda, and Yamasaki: Selective-area chemical-vapor deposition 1809FIG. 3. Comparison of thermal desorption of a 2 nm
SiO2 layer on Si~001! without ~a! and with ~b! H2
plasma pretreatment. ~a! Auger spectra of Si-LVV
peaks taken on the sample annealed without H2 plasma
pretreatment. The Si-LVV peak at ;77 eV, originating
from the SiO2 layer, remains unchanged even after 120
s annealing at ;1000 °C. ~b! Auger spectra taken on
the sample pretreated with H2 plasma. After 120 s an-
nealing at ;1000 °C, only the elemental Si-LVV ~;92
eV! peak can be seen, indicating a complete desorption
of SiO2 .shown in Fig. 4~a!. The growth height is ;20 nm and the
average diameter including the lateral overgrown region is
;115 nm @the oxide dot defined by AFM is ;80–90 nm
~FWHM!#.23 We expect that the lateral resolution can be
further improved by the use of carbon nanotube tips. In com-
parison, when we performed a separate CVD experiment on
a Si3N4 layer ~i.e., no plasma oxide layer!, a high density of
Si nuclei (;1011 cm22) was formed. Therefore, the plasma
oxidation is indispensable to ensure sufficient growth selec-
tivity in Si CVD using the Si2H6 precursor.
In addition, we can also selectively grow line structures
using this technique. Figure 5 shows an AFM image of the
line structure as well as a cross-sectional profile. The line-
width ~FWHM! is ;220 nm and the growth height is ;20
nm. For the selectively grown line structure, we observe a
double-ridge structure on top of the Si lines. The double-
ridge structure of the selectively grown lines by III–V
metal–organic CVD has also been reported and was attrib-
uted to the enhanced growth rate near the mask edge. Using
simulation based on the vapor-phase diffusion model of the
reevaporated reactant gases from the mask to the growth
window, Itagaki et al. have successfully demonstrated the
observed double-ridge growth profile.24 For the dot structure
shown in Fig. 4~b!, we do not observe this growth profile
because the dot diameter is much smaller than the linewidth
~;1:2!. Also, for the dot structure with a larger ratio of sur-
face to bulk, the equilibrium crystal shape is also an impor-
tant factor to be considered for the final growth profile.
Shown in Figs. 6~a! and 6~b! are cross-section transmission
electron microscopy ~XTEM! images for one of the Si lines
displayed in Fig. 5. The specimen for XTEM was fabricated
by employing a focused ion beam. Figure 6~a! shows a large-
scale view of the cross section. The lateral size of the Si line,
including the lateral overgrowth region, is approximatelyJVST A - Vacuum, Surfaces, and FilmsFIG. 4. ~a! AFM image (10310 mm2) of the selectively grown Si dots on
the SiO2 /Si3N4 bilayer mask with exposed Si growth windows. The selec-
tive epitaxial growth is performed in an UHV-CVD reactor using Si2H6 as
the CVD precursor. ~b! Cross-sectional profile of the grown Si dot. The
average height and diameter of the Si dots are 20 and ;115 nm ~FWHM!,
respectively ~the original AFM-induced oxide dot has a diameter of ;80–90
nm!.
1810 Gwo, Yasuda, and Yamasaki: Selective-area chemical-vapor deposition 1810;220 nm and the line height is ;20 nm. These numbers are
in good agreement with the AFM results. In Fig. 6~b!, the
high-resolution lattice image shows that the Si line is per-
fectly epitaxial from the substrate to the selectively grown
structure. No crystallographic defect is visible in the probed
area, including the lateral overgrowth region. XTEM results
support that a high degree of crystalline perfection can be
achieved with this approach.
IV. CONCLUSION
Our results demonstrate that scanning-probe local oxida-
tion of an ultrathin Si3N4 mask is a versatile approach for
nanofabrication. The oxidation rate is extremely fast com-
pared with results using Si under similar conditions. There-
fore, the patterning time can be effectively improved. Due to
the very large etch and growth selectivities among Si3N4 ,
SiO2 , and Si, this approach can be used for the synthesis of
ultrahigh packing density and ordered nanostructures. And,
the methodology is compatible with the present semiconduc-
tor technology and is suitable for a wide variety of substrates
and deposited materials.
FIG. 5. ~a! AFM image (535 mm2) of the selectively grown Si lines on the
SiO2 /Si3N4 bilayer mask with exposed Si growth windows. ~b! Cross-
sectional profile of the grown Si line. The average height and width of the
lines are ;20 and ;220 nm ~FWHM!, respectively. Note that there is a
double-ridge line structure.J. Vac. Sci. Technol. A, Vol. 19, No. 4, JulÕAug 2001ACKNOWLEDGMENTS
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